Systems integration issues, such as electrical and thermal design and management of full battery packs -often containing hundreds of cells -have been rarely explored in the academic literature. In this paper we discuss the design and construction of a 9 kWh battery pack for a motorsports application. The pack contained 504 lithium cells arranged into 2 sidepods, each containing 3 modules, with each module in a 12P7S configuration. This paper focuses particularly on testing the full battery pack and diagnosing subsequent problems related to cells being connected in parallel. We demonstrate how a full vehicle test can be used to identify malfunctioning strings of cells for further investigation. After individual cell testing it was concluded that a single high inter-cell contact resistance was causing currents to flow unevenly within the pack, leading to cells being unequally worked. This is supported by a Matlab/Simulink model of one battery module, including contact resistances. Over time the unequal current flowing through cells can lead to significant differences in cells' state of charge and open circuit voltages, large currents flowing between cells even when the load is disconnected, cells discharging and aging more quickly than others, and jeopardise capacity and lifetime of the pack.
Introduction
Electric and hybrid vehicles depend on electrochemical battery systems, with lithium-ion chemistries widely accepted as the current state of the art in terms of energy density and performance. Research and development into new electrode and electrolyte materials and chemistries continues apace. However, the electrical, mechanical and thermal integration of cells into packs and packs into electrical vehicles is paramount in order to ensure long and safe operation. Such integration issues have been relatively poorly researched in the literature to date. Whilst there are papers exploring the electrical and thermal behaviour of individual cells under a variety of conditions [1] [2] [3] [4] [5] , the monitoring and testing of individual cells in battery packs [6, 7] , and the thermal management of battery packs [4, [8] [9] [10] , there are few which look at the electrical issues associated with the design and testing of complete modules, and those that do are for much lower power applications [11] .
A number of factors are important in this regard. Mechanical integrity is crucial, and the challenge here given the relatively low energy densities of batteries is to minimise weight and the use of additional support materials, whilst providing adequate support and protection particularly in crash scenarios. Certain chemistries (notably LiCoO 2 cathodes) are prone to dangerous 'thermal runaway' if cells are overheated, overcharged, short circuited, crushed or punctured [12] , and therefore various safety mechanisms are typically incorporated at cell level, such as for example vents or deliberate delamination of the layers due to internal release of gases in an unsafe scenario [13] .
In addition to ensuring the safety of vehicle occupants, the lifetime of the batteries must be maximised through the module design and battery management approach. Operating current, depth and rate of charge/discharge, and temperature all strongly affect lifetime. Batteries are particularly intolerant to temperature extremes, with high temperatures being encountered during high current loading conditions such as fast charging or acceleration transients which cause large specific internal heat generation [2] . This is primarily due to resistive heating in the contacts, electrodes and electrolyte [8] . The temperatures reached within a cell depend on the level of heat generation, the thermal properties and the heat transfer around the cell, i.e. the cooling system.
High power lithium-ion cells tend to have very low internal resistances, of the order of mΩ, and the contact resistances between cells are normally measured in μΩ assuming connections have been made correctly. However, faulty contacts which lead to much higher contact resistances (e.g. of the order of mΩ) will adversely affect pack performance, often in unexpected ways, and this can be detected by current pulse techniques combined with individual cell testing, as described later in this paper. In parallel-connected cells, it is normally assumed that 'self balancing' will occur due to all cells being forced to the same potential [11] . However, as we later discuss, large differences in interconnection resistances in this configuration can lead to differences in the currents flowing through individual cells, which means that cells may not be well balanced under load and over time this could lead to unequal performance of individual cells. Clearly it is important to avoid this. In addition if unequal current pathways are introduced through poor design cells may become unbalanced under load. This is conceptually a similar problem to that experienced within cells at high charge and discharge rates. One-dimensional models perpendicular to the plane of the separator/ electrolyte predict that the reactions occur at the electrode/electrolyte interfaces regardless the position of current collection tabs [8] . Under high currents however, a 1D model is not sufficient because there are spatial variations in the orthogonal directions. Indeed, 2D [5] and 3D [4] models predict that reactions preferentially occur in proximity of the current collection tabs in planar cells in the plane parallel to the separator due to noticeable ohmic drop along the current collector [4, 5] . Hence under high charge or discharge rates, large spatial variations in lithium concentration, reaction current density and overpotential might occur within a cell, and upon removal of the load large internal currents could flow as lithium redistribution occurs [3] . This is further compounded by thermal gradients within a cell which can also cause changes to internal resistances and lead to even greater internal spatial variations [3, 9, 10] .
The electrical behaviour of a battery can be represented by an electrical circuit model comprising of interconnected resistors, capacitors and inductors. Varying degrees of complexity are possible depending on the level of fidelity required, but the simplest modelling usually includes a series inductor, resistance R i and then one or two RC time constant pairs (e.g. C dl the double layer capacitance and R ct the charge transfer resistance as shown) representing various dynamic effects. However, for the typical sampling rates at which battery management systems operate (1-10 Hz maximum), the relevant dynamics are the instantaneous change caused by the voltage drop across the internal resistance, diffusion -with time constants of minutes to hours -and change in open circuit potential according to state of charge.
Previous authors have shown that short current pulses can be used to estimate the series resistance and other parameters of a battery system, and that the resulting current and voltage behaviour of the full pack in a real vehicle follows the model predictions reasonably accurately [14] . Indeed, in addition to traditional frequency response measurement techniques [7] , pulse techniques have been used to estimate the internal resistance of lithium cells in a hybrid vehicle, and this can be used to provide a measure of battery degradation (capacity fade) over time [6] .
In this paper we discuss issues associated with the design and testing of complete battery packs for electric vehicles. Secondly we explore a methodology for detecting and analysing faults in complete battery modules at the pack and vehicle testing stage, by using a current pulse (or 'current interrupt') method for pack level, and electrochemical impedance spectroscopy for cell level tests.
Battery pack construction
The battery pack used for experimental testing consisted of 504 4.8Ah (at a 0.5 C discharge rate) Kokam Lithium-polymer pouch cells with a maximum and minimum operating voltage limit of 4.2V and 2.7 V respectively. The cells have a rated capacity of 17.8 Wh each and continuous discharge current of 96 A with a peak current of 192 A.
These were divided into two sidepods containing 252 cells each, for use in a prototype electric racing vehicle. Each sidepod was further subdivided into three modules containing 84 cells each. The cells in each module were arranged in a 12P7S configuration, giving each module an operating voltage range of 18.9 V to 29.4 V. The three modules were connected in series giving a sidepod operating voltage range of 56.7 V to 88.2 V. The two battery sidepods were connected in parallel to two PM72601B Kelly Motor controllers powering two Agni 95R brushed DC motors each rated at 77 V maximum. The main battery specifications are shown in Table 1 . The main components of the battery modules are shown in Figure 1 . Two gridded polypropylene plates provided the cell support for each battery module at the centre of the cells. The mid-plates are the most structurally important part of the modules, supporting the bulk weight of the cells and provide the fundamental support structure that other elements are fixed to. Two end plates sat around the cell tabs. Aluminium bars provided the electrical connections between the individual cells.
Polypropylene T-pieces and L-pieces were used to clamp the aluminium bars as well electrically isolate them. Tie rods ran through the span of these blocks, from one T-piece to another ensuring the cell tabs were securely fastened. Along the length of the cells, pins were inserted from both sides of the module through the T-pieces, end plate and mid plates. These were held in place by threaded inserts and plastics spacers that set the distance between the plates and electrically insulated the metal pins. The T-pieces and L-pieces secured and aligned the aluminium connection blocks to transfer the load from the endplate to the pins and vice versa, and secure the blocks, the endplates and the pins together. The T-design allowed the blocks to be tightened together using tie rods and secured all parts adequately without restricting or inducing additional stresses. Figure 2 shows this arrangement
Figure 2: Polypropylene T-pieces of battery modules
The three modules were connected in series in each sidepod with electrical connections being made at the diagonal corners of the modules with bolted aluminium bars, as shown in Figure 3 . Copper connectors were considered however it was shown that large contact pressures would be required for an aluminium-copper interface to be effective. Due to the connection configuration, the positive and negative terminals of the pack are at opposite ends. For the vehicle design, it was desirable to have the positive and negative terminals on the same side. Therefore, an aluminium bus bar was used to return the negative terminal to the same position as the positive terminal.
Two Gigavac GX200 contactors were also located within each sidepod. These were rated to a continuous discharge current of 400 A and peak of 1,980 A. A PVC box housed the three modules of each sidepod. The base was designed to be load bearing and to transmit the weight of the modules to the supporting chassis support bars. The sidepods were adhesively bonded to the chassis support bars as it was not required to be able to remove them.
Module testing and fault identification
Testing was conducted on the battery modules in the vehicle configuration, i.e. the battery modules were installed on the vehicle and battery data was recorded during vehicle testing. The purpose of the testing was not to specifically test the battery packs, but to test the entire vehicle. The testing consisted of running the vehicle on a dynamometer or 'rolling road' and included both acceleration events, i.e. brief bursts of high power, and also endurance events, i.e. continuous discharge. Neither were representative of a typical driving cycle, however they were designed to stress the vehicle under simulated conditions representing two extremes of operation.
a. Acceleration test
In the acceleration test the power was increased to 27.5 kW within 3 seconds, and then reduced to zero within 2 seconds. An unusually high comparative voltage drop in one of the parallel strips in module 5 was noticed, which indicated a suspected fault. The current and voltage response measured using the BMS for module 5 is shown in Figure 4 . The voltage response for every strip of cells in every module at the time stamp with the highest current at 77s compared to the open circuit potential is shown in Figure 5 .
Figure 5: Test data from all modules during a 3 second acceleration test on the dynamometer, the voltage response at 77s (hollow squares) and the open circuit potential (hollow circles) is shown for all strips in all modules
As can clearly be seen in Figure 5 , strip 7 in module 5 has a significantly lower voltage under load than any other strip in any other module, yet the open circuit potential of all strips in all modules are not significantly different. This was considered to be indicative of a fault.
The acceleration test can be likened to a current interrupt event, and therefore the data can be used to calculate a differential resistance R using the equation R = ΔV/ΔI between time stamp 77 and 78 where R is the differential resistance for a 1 second current interrupt, shown in Figure 6 . This effectively lumps any processes with a frequency response of less than 1 Hz including all series resistances into a single resistance measurement. In practice this means that for a lithium-ion cell every dynamic process except diffusion and instantaneous ohmic voltage drop is not seen at this sampling rate [15] . 
b. Continuous discharge tests
In the continuous discharge test the power was increased to roughly 20 kW and then slowly decreased until a relatively constant current of roughly 100A per side pod was maintained until a minimum voltage of 2.9V was measured in any cell. Small fluctuations in current draw were introduced by the driver attempting to maintain a continuous current. The current and voltage response measured using the BMS is shown in Figure 7 . It can be seen in Figure 7 that the difference between the voltage response for the strip exhibiting the highest and lowest voltage under load by the end of the test run is large, with a difference of 269 mV by the time the vehicle shut down. It is also interesting to note that side pod 2, modules 4-6, initially provides less current, which can be explained if it has a higher internal resistance, than side pod 1, modules 1-3. However, over time the situation reverses and side pod 2 eventually provides more current. This can be explained if it assumed that the state-of charge (SOC) of side pod 1 drops more quickly because of the initially higher current, until the polarisation resistance increases because of the lower state-of-charge. Then the side pods become balanced under load, continually rebalancing themselves in dynamic equilibrium as their state-of-charges drop and their impedances and resistances change. An unforeseen consequence of this is that we expect that after removal of the load, as the side pods are no longer balanced at open circuit, significant currents will flow between the side pods. Unfortunately it was not possible to monitor these currents due to the set up of the vehicle, although a rise in cell temperatures was observed after removing the load.
Identifying the fault cause
It was hypothesised that the problem with module 5 strip 7 could either be caused by the cells, the module design or assembly. If the problems were caused by the cells then the cells in strip 7 of module 5 should have exhibited significant differences in their performance, which could have been caused either by manufacturing inconsistencies or damage to the cells at some point in their life. If the problems were caused by the module design or assembly then the unequal current paths must have been caused by a design flaw or high resistances introduced by substandard module components or contacts.
a. Individual cell testing
In order to test the first hypothesis that the problems were caused by the cells, the 12 cells from strip 7 of module 12 were individually tested by means of electrochemical impedance spectroscopy (EIS). The OCV at rest of the tested cells were 3.71 V which corresponded to 60% of SOC. The EIS spectra were recorded using an Autolab Potentiostat/FRA (Metrohm Inc) between 2000 and 0.1 Hz in galvanostatic mode with a current amplitude of 100 mA. A typical example EIS spectrum of one of the individual cells and the equivalent circuit used to fit the data is shown in Figure 8 . It was found experimentally that for this specific lithium polymer battery the best fit with lowest errors (up to 5%) can be obtained with the equivalent circuit shown in Figure 8 . The elements of this 616 Hz 5.5 Hz 0.16 Hz circuit are: high frequency inductor L and high frequency intercept R hf that arise as a result of the electrode and current collector electrical arrangement in the battery and series resistance of the current collectors, electrodes, electrolyte and connector terminals and wires respectively; mid frequency resistance R mf associated with the lithium ion transport through the SEI; low frequency resistance R lf related to the charge transfer; and generalised Warburg diffusion W through porous electrodes. The complex non-linear least squares parameter fit was carried out using ZView software (Scribner Inc). Note that R mf and R lf are also known as R SEI and R ct respectively. All the cells had very similar fitted parameters as shown in Figure 9 and the values were well within the ranges expected from the manufacturer's data. As Figure 9 suggests, the differences in various resistances among the cells was not significant enough to cause the measured fault. For example the difference between maximum and minimum values for R HF , R CT , R SEI and R Total did not exceed 13.5%, 14%, 20% or 11 % respectively. It should be noted that the values of series resistance did not indicate any problems as a result of possible corroded contacts, oxidised current collectors or poorly conductive solid polymer electrolyte in the tested cells. Neither did resistances of charge transfer and SEI transport. Hence, the battery module fault was not caused by any of the tested cells.
b. Modelling
In order to test the second hypothesis that the problems were caused by the module design or assembly, a model of a battery module was created in Simulink using the SimPowerSystems toolbox. A schematic of the Simulink battery module is shown in Figure 10 .
Figure 10: Schematic of the Simulink battery model
Using the Simulink battery model, the cells were arranged in a 12P7S configuration, with electrical connections being made at opposite corners of the module. A controlled current source connected between the positive and negative terminals of the module allowed for the regulation of module current from an inputted load cycle.
Each cell within the simulation was connected to a resistor at both its positive and negative terminals. This represents the contact resistance of the aluminium clamps to the cell tabs. Another resistance was then placed between each set of cells to represent the resistance of the aluminium interconnectors. This model therefore allows for the simulation of the effects of a higher contact resistance.
i. Battery model
The Simulink SimPowerSystems battery model was used to model the cells in the module. This model is based on a set of semi-empirical relationships and is able to characterise a number of different battery chemistries including: lead-acid, lithium-ion, nickel-cadmium and nickel-metalhydride. The lithium-ion battery model was used. Equation 1 and equation 2 show the semi-empirical relationships used to characterise the lithium-ion battery model under charge and discharge conditions.
Equation 1
Equation 2 Where and represent the discharge and charge potentials, is the open circuit potential, is the polarization resistance (Ω), is the maximum battery capacity (Ah), is the extracted capacity (Ah), is the low frequency current dynamics (A), is an exponential voltage constant (V) and B is an exponential capacity constant (Ah -1 ).
By matching the constants in the battery model with that of the measured discharge profiles of the Kokam cells, an acceptable cell polarisation was achieved. The parameters used for the model are shown in Table 2 . The discharge curve of the 4.8 Ah Kokam cells, under different C-ratings, and the output of the matched battery model are shown in Figure 11 . As shown in Figure 11 , under low discharge rates (<5C) the battery model acceptably replicates the performance of the real cell with a reasonable degree of accuracy. At higher rates of discharge (>10C) the battery model becomes less accurate, possibly because of temperature effects which are not captured by the model. However, for the purpose of these simulations a discharge rate of >10C will not be experienced and therefore this level of accuracy was deemed acceptable.
ii. Comparisons of results
Using the full battery module model, the current interrupt experiment, as shown in Figure 4 , was recreated. Using the drawn current as the input and cell strip voltage measurements from the left side of the module, it was possible to recreate the same voltage characteristics observed by introducing a high contact resistance in the 7 th cell strip between the 2 nd and 3 rd cell of the parallel strip. The nominal interconnect resistance was estimated at being 0.1 mΩ and the contact resistance 3mΩ. In order to match the current interrupt test voltage measurements the high interconnect resistance was estimated to be 2.5 mΩ. The simulation results are shown in Figure 12 . The model was then used to explore the effect of removing the high interconnector resistance, and the results of the current interrupt test were rerun to give the response of the cell with the normal resistance. This is shown in Figure 13 . As shown in Figure 13 , the voltage drop of the 7 th strip does not fall as much as in the case where there was a high contact resistance as shown in Figure 12 . In the case of Figure 13 , it can be seen that even though all the contact resistances are the same there is still a difference in cell voltage, most noticeably, between strip 1 and strip 7. This is caused by the uneven resistance path of the module design between the main terminals. This effect was therefore accentuated in the case of the high contact resistance. Therefore the model supports the hypothesis that there is both a fault caused by a high contact resistance and a flaw as an unintended consequence of the highly parallel design approach.
Comparison of the simulated results in Figure 12 and Figure 13 with the experimental data shown in Figure 4 also indicates the model has very similar performance to the real cells, although the modelling of diffusion is not quite correct. For the present work, however, this does not matter.
By extracting the voltage drops from the model across each cell strip and finding the differential resistance with and without the high contact resistance, the effect of the high contact resistance can be quantified. This is shown in Figure 14 . As shown in Figure 14 , the presence of the high interconnector resistance leads to a high differential resistance being measured in cell strip 7, where the faulty connection was now suspected. By changing this back to the nominal resistance, the measured differential resistance returns to a normal value. In the case of equal contact resistances there is still an observed differential resistance as discussed earlier.
In the case of Figure 14 the shape of the differential resistance curve across the cell strips is a sideways S-shape. If the electrical connections were made on the same side of the module this would be a U-shaped curve. This effect can be explained using the model. The current drawn from each individual cell was also simulated for the even and uneven contact resistances. Figure 15 shows the current distribution for the module with oppositely connected electrical terminals with even contact resistances for a 150A discharge just after the load has been applied. As shown in Figure 15 , the highest observed currents are at the electric connection points at opposite corners of the module, with the highest currents being observed diagonally across the module as this is the path of least resistance. The cells that are at the opposite corner, relative to the electrical connections, experience a much lower discharge current. This effect also occurs when the electrical connection points are on the same side. In the no fault case, the maximum discharge current is still double that of the minimum. This effect therefore leads to cell unbalancing and internal currents flowing when no load is applied. Figure 16 , then shows the current distribution in the module with the high interconnection resistance. In Figure 16 , the uneven current distributions observed in Figure 15 are further accentuated, especially near the location of the high resistance. This high resistance restricts current flow from the cells isolated by the high contact resistance, drastically increasing the load on the cells near the current collection and decreasing the load on the cells isolated by the high contact resistance. Under the same discharge conditions, the model predicts the maximum discharge current to be 6 times that of the minimum discharge current. This highlights the importance of minimising contact resistances and ensuring equal balancing.
Resolving the fault
The most serious fault was identified to be in module 5 strip 7, and it was suspected that either a single high contact resistance around cell 9 in the strip was effectively isolating 8 or 9 cells beyond the high contact resistance, or a combination of high resistances were causing a similar effect. This meant that the majority of the current was flowing through 3 or 4 cells nearest the current collection connection, causing the voltage drop across those cells to be significantly higher than in the other cells in that strip. As the BMS was monitoring the voltage across module 5 strip 7 on the same side at the current collection connection, it measured the higher voltage drop and not the lower voltage drop which it would measure if it was connected on the other side. This would give rise to a higher differential resistance measured by the current interrupt.
Therefore, module 5 was partially dismantled, to expose strip 7, and the cell tabs and aluminium clamps were inspected for damage or anything that could cause a high resistance. A thin film of plastic, suspected to be glue, was found to be covering one side of the aluminium clamp between cells 8 and 9. The aluminium clamp was cleaned, and the module reassembled, put back in the vehicle, and then data from subsequent vehicle tests was analysed in order to check if the fault had been resolved.
The full vehicle was tested at Dunsfold Aerodrome in Surrey, England, with a fully charged battery pack, and the vehicle was tested until the BMS detected that one of voltage measurements went below 2.5V under load, the minimum safe limit for voltage under discharge. The vehicle was subject to a number of test runs simulating the skid-pan and acceleration events at Formula Student, before it was subjected to consecutive 5 minute test runs around a coned off area of the airstrip which had been designed to simulate the endurance event at Formula Student. The results from the first and third test, which was the last test run during which the voltage limit was exceeded and vehicle shut down, are shown in Figure 17 and Figure 18 . It can be seen in Figure 17 and Figure 18 that significant voltage differences became apparent between strips in different modules towards the end of the final test run, which are explained by the assumption that minor variations in capacity or SOC can have a significant impact upon voltage when cells are heavily discharged. This was because each module had not been completely balanced by the BMS before the vehicle was tested after the modules had been rebuilt. Therefore an inspection of the voltages is not the most appropriate method to determine if the fault had been resolved.
The differential resistances were therefore calculated from an appropriate event in the test cycle, where the current had been interrupted due to a braking event following a high acceleration event, and is shown in Figure 19 . It can be seen in Figure 19 that the fault has clearly been resolved, that module 5 strip 7 now has a differential resistance that is similar to all the others. The average differential resistance for all the parallel strips is also lower, and this can be explained by the fact that the average temperature of the modules during the third vehicle endurance test run had reached 30 o C whereas the average temperature of the modules during the 3 second acceleration test on the dynamometer was only 20 o C.
Impact on vehicle performance
In order to investigate the effect of the fault on the vehicle performance it was possible to use the Simulink battery model to re-run the current profile from the test data from the endurance test runs, both with and without a high contact resistance between cells 8 and 9 in module 5 strip 7. As the high contact resistance caused the strip voltage for that set of cells to be much lower, this caused the BMS to shut down the vehicle prematurely. Using the model to simulate the same drive cycle without the higher contact resistance, the extra drive time can be calculated, shown in Figure  20 . As shown in Figure 20 , in the case of the high contact resistance the BMS disabled the vehicle when the lowest strip voltage reached 2.9 V. In the case where the contact resistance was resolved, extrapolating the same load cycle the strip voltage would have reached 2.9 V at a later point meaning that the vehicle run time was reduced because of a single high contact resistance.
Conclusions
In this paper we have shown that, just as an individual cell may not behave uniformly under high current conditions, so an entire battery pack is also susceptible to non-uniform currents flowing through individual cells when there are parallel strings present in the pack. This is particularly acute under high-C charge or discharge conditions. Even if the impedance of individual cells varies up to 10-20% this is not a cause of current flow non-uniformity across the battery modules. Instead, it is the interconnection resistances between highly paralleled cells which cause this effect. In the current work, the reason that a highly paralleled design was chosen was because, under the competition rules for the particular vehicle, other configurations would have required the individual monitoring of all 504 cells in each module.
We conclude that battery pack design must consider carefully designs which use highly paralleled strips of cells and also the electrical contact resistances present in the inter-connects between cells, and that anomalously high contact resistances can lead to serious imbalances in the way in which cells are used in the pack, with currents between parallel cells being unequal. A full pack test procedure can be used to identify cell strings which have much higher contact resistances.
We also conclude that for parallel connected cells there may be significant difference in cell statesof-charge after sustained continuous discharge if the cells are not carefully arranged such that equal currents flow through all of them. Even when equal currents do flow through cells, differences in temperature, voltage and other external and internal conditions across the cells may lead to differences in currents which become worse over time unless active monitoring or balancing is included. Upon returning to quiescent conditions, cells will tend to self-balance until parallel connecting strings have equal voltages. However, this may lead to large currents flowing and temperature increase.
There are some clear implications for the design of battery management and battery monitoring systems in this type of parallel arrangement. First, the BMS voltage sensing must located at side of module where the voltage drop is expected to be worst. Second, an active balancing BMS may need to include a delay before active balancing in order to allow time for passive balancing currents to flow within the pack.
